A series of recombinants between Rous-associated virus type 0 (RAV-0), RAV-1, and a replication-competent avian leukosis virus vector (RCAN) (28) which results in aberrant deposition of bone (38). Independent isolates of ALVs differ in their pathogenic potentials, with different viruses of exogenous origin causing distinct incidences and combinations of disease (13, 22, 39) and viruses of endogenous origin being associated with negligible disease induction (19, 25) . The ability of ALVs to induce disease is strongly influenced by time of inoculation, with the highest incidences of neoplastic as well as nonneoplastic (osteopetrosis) disease occurring after inoculation of embryos or day-old hatchlings (18). The pedigree of a chicken also influences the incidence and forms of ALV-induced disease, with inbred lines of chickens frequently exhibiting unusual resistance or susceptibility to specific diseases (3, 21, 29) .
Avian leukosis viruses (ALVs) induce a variety of neoplasms such as B-cell lymphoma, erythroblastosis, and fibrosarcoma (22, 23) . In addition, many ALVs induce osteopetrosis, a nonneoplastic disease of osteoblasts (28) which results in aberrant deposition of bone (38) . Independent isolates of ALVs differ in their pathogenic potentials, with different viruses of exogenous origin causing distinct incidences and combinations of disease (13, 22, 39) and viruses of endogenous origin being associated with negligible disease induction (19, 25) . The ability of ALVs to induce disease is strongly influenced by time of inoculation, with the highest incidences of neoplastic as well as nonneoplastic (osteopetrosis) disease occurring after inoculation of embryos or day-old hatchlings (18) . The pedigree of a chicken also influences the incidence and forms of ALV-induced disease, with inbred lines of chickens frequently exhibiting unusual resistance or susceptibility to specific diseases (3, 21, 29) .
In this paper we report the use of eight in vitro-constructed ALVs to study viral genetic influences on disease incidence in K28 chickens. Seven of these recombinants were used to test the relative roles of different regions of the genomes of Rous-associated virus type 0 (RAV-0) and RAV-1 in determining disease potential. RAV-0 is a nondefective endogenous ALV encoded by the ev 2 locus (1). It is essentially nonpathogenic (19, 25) and, like all naturally occurring endogenous ALVs of chickens, belongs to subgroup E (24) . RAV-1 is a pathogenic virus which causes a high incidence of lymphoma and a low incidence of a variety of other neoplasms (22, 30) . RAV-1 is of exogenous origin, having been isolated from stocks of the Bryan high-titer strain of Rous sarcoma virus, where it serves as a helper virus (33) . It belongs to subgroup A, the subgroup of most field isolates of ALVs (23) . The disease potential of a recombinant between RAV-0 and a replication-competent ALV vector, RCAN, was also tested. RCAN is a subgroup A, transformation-defective derivative of Schmidt-Ruppin Rous sarcoma virus (15) that induces lymphoma (34) . All of the oncogenicity tests were conducted in K28 chickens, a non-inbred line that has been selected for only one endogenous virus (ev 1) (2), susceptibility to all subgroups of ALVs (27) , and the major histocompatability type B13 (6) .
Our results corroborate prior studies which indicated that long terminal repeat (LTR) regions play key roles in determining the ability of ALVs to induce neoplastic (25, 26) as well as nonneoplastic (35) diseases. In contrast to results of an earlier study (30) , subgroup-determining sequences in env were found to have a significant influence on lymphomogenic potential, with viruses belonging to subgroup A inducing a higher incidence of lymphoma than viruses belonging to subgroup E. In agreement with prior results, sequences immediately adjacent to the 5' LTR were found to have a strong influence on osteopetrotic potential (32) . Extending the work of prior studies, the influence of 5' viral sequences on osteopetrotic potential was found to be highly context dependent, with specific env as well as specific gag-pol sequences determining whether a given 5' viral nants were generated by using conserved restriction endonuclease sites and verified by using nonshared restriction sites diagnostic for fragments used in the constructions. Infectious viruses were recovered from DNA constructs following transfection of turkey cells with DEAE dextran (17) . Virus stocks were harvested from transfected cultures which had plateaued in their viral output. The plasmid constructs for each virus are designated pWF170s, pWF180s, etc., with independent isolates of the pWF170s being designated pWF171, pWF172, etc. Viruses recovered from DNA constructs are designated without the p, i.e., the WF170s for WF171 and WF172. Each of the viruses was verified as having the interference pattern associated with its env gene (44) .
Pathogenicity testing. Each of the test viruses was inoculated intravenously into day-old line K28 chicks (0.2 ml of undiluted virus stock). Chickens were isolated in their respective groups for 10 months. At 1 month of age, serum was collected and tested for the presence of virus capsid protein p27 by a solid-phase enzyme-linked immunosorbent assay (37; for details, see reference 7). All the chickens in test groups (either at the time of disease development or at the end of the test period) were sacrificed and necropsied. Grossly abnormal tissues were sectioned for histopathologic examination.
Testing p27 levels in bursal tissue. Bursal tissues were homogenized in the presence of 0.8% deoxycholic acid, 0.8% Nonidet P-40, 10 ,ug of aprotinin per ml, and 2 mM phenylmethylsulfonyl fluoride. Lysates were assayed for total protein concentration (5) and for the amount of virus capsid protein p27 (by enzyme-linked immunosorbent assay).
RESULTS
Viruses used in pathogenicity tests. Figure 1 displays the genomes of pRAV-0, pRAV-1, and the eight recombinant viruses used in pathogenicity tests. The recombinants were designed to test the pathogenic potential of subgroup-determining sequences in env, gag-pol sequences, an -375-basepair SacI-XhoI fragment near the 5' LTR, and the LTR region (includes 3' env as well as non-protein-coding sequences immediately adjacent to the 5' and 3' LTRs). Among the recombinants are pairs of viruses with identical genomes except for a specific region. For example, pathogenicity trials with the WF180s and WF170s evaluated the role of the -375-base-pair SacI-XhoI fragment in the disease potential of a subgroup A virus, whereas trials with the WF4Os and WF190s tested the significance of this same fragment in the disease potential of subgroup E viruses.
Pathogenicity tests: establishment and persistence of viremia. Pathogenicity tests were initiated by intravenous inoculation of day-old K28 chicks with undiluted virus stocks.
Undiluted virus stocks were used in these tests to maximize the incidence of disease caused by each virus. The titers of these stocks were determined for physical particles rather than infectious units because assay conditions (the presence of polycations) differentially influence the relative titers of subgroup A and E viruses (12, 42) . The titers of physical particles in the different stocks ranged from a low of 4% to a high of 66% of that observed for a standard stock of RAV-2 ( for the group. The vast majority of the birds in all but two groups remained persistently viremic through sexual maturity. Median viremias for subgroup A virus-infected chickens tended to increase with age, whereas median viremias for subgroup E virus-infected chickens tended to decrease with age.
By sexual maturity, the majority of the WF210s test group were nonviremic and had neutralizing antibody. This was the only virus with a reasonable replication potential that was inefficient at establishing tolerance in K28 chickens.
The WF220s had the lowest replication potential of all of the tested viruses. In the WF220s test group, only half the chicks were viremic at 1 month postinoculation. This was observed whether day-old chicks were inoculated with undiluted virus stock or 106 virus-producing cells. Some of the WF220s-inoculated chicks that were nonviremic at 1 month postinoculation had low levels of neutralizing antibody.
LTR region and oncogenic potential. Neither of the viruses with a RAV-0 LTR (RAV-0 and the WF220s) caused disease within the 10-month test period, whereas all of the viruses with a RAV-1 or RCAN LTR were disease inducing ( Table  2) . None of the constructs tested the disease potential of ROLE OF ALV SEQUENCES IN DISEASE POTENTIAL (4, 10, 11) . The WF180s belong to subgroup A, while the corresponding viruses, the WF40s, are members of subgroup E. Similarly, the WF170s belong to subgroup A, while the WF19Os belong to subgroup E; RAV-1 is a member of subgroup A, whereas the WF200s are members of subgroup E. Each of these sets differs in gag-pol sequences, the WF180s and WF40s having all of gag-pol from RAV-0 and the WF200s having nearly all of gag-pol from RAV-1. All the subgroup A merfmbers of these pairs induced a 50 to 70% incidence of lymphoma, whereas all of the subgroup E members induced a 15 to 30% incidence of lymphoma. Thus, the tests of these pairs revealed a two-to fourfold influence of subgroup-determining sequences in env but no significant influence of gag or pol on lymphomogenic potential. This influence of env was independent of the titer of physical particles in the infecting stock or the level of viremia in 1-month-old chickens (Tables 1 and 2) .
Incidence of other neoplasms. All of the recombinant viruses with exogenous LTRs caused a low (2 to 12%) incidence of other neoplasms, whereas RAV-1 caused an intermediate (27%) incidence of such neoplasms (Table 2) example, the WF190s (subgroup E) were associated with a 23% incidence of osteopetrosis, only moderate to severe cases being included in the tally (Table 2 ). In contrast, both the corresponding subgroup A virus, the WF170s, and the subgroup E WF40s failed to produce a single case of osteopetrosis. Since the WF190s are identical to the WF40s except for a region from RAV-1 near the 5' LTR, and the WF19Os differ from the WF170s only in 5' env sequences from RAV-0, this series of tests implicated both RAV-0 env and 5' RAV-1 sequences in osteopetrosis induction. However, the presence of RAV-0 env and 5' RAV-1 sequences did not guarantee a strong osteopetrotic potential, as indicated by the low incidence of osteopetrosis in WF200s-infected chickens. Also, subgroup A envelope antigens and 5' RAV-0 sequences did not necessarily correspond to the absence of osteopetrotic potential, as indicated by two cases of WF210s-induced osteopetrosis. (Two cases of osteopetrosis in this group represents a high osteopetrotic potential, since -90% of the WF210s-inoculated chickens developed neutralizing antibody, a condition which protects against the induction of osteopetrosis [28] ). Thus, the interactions of env and 5' viral sequences which result in osteopetrosis are highly context dependent.
Lymphomogenic potential and onset of bursal infection. The onset of bursal infection was compared for RAV-1, a virus with high lymphomogenic potential; WF201, a virus of high replication potential but only intermediate lymphomogenic potential; and RAV-0 and WF221, viruses with negligible lymphomogenic potential. Each of the infections was initiated by intravenous inoculation of 0.2 ml of undiluted virus stock into day-old chicks. RAV-1 was inoculated as 0.2 ml of undiluted stock as well as 0.2 ml of a 1:100 dilution of stock. Inoculated chicks were sacrificed at weekly intervals and tested for the presence of virus in bursal tissue.
The onset of bursal infection directly correlated with the lymphomogenic potential of the inoculated virus (Table 3 ).
The nonpathogenic WF221 and RAV-0 each took 3 to 4 weeks to produce detectable levels of viral proteins in the bursa. In contrast, the moderately lymphomogenic WF201 took 2 weeks to attain detectable levels in the bursa, whereas the highly lymphomogenic RAV-1 took only 1 week to establish bursal infection. The 1:100 dilution of RAV-1 took 2 weeks to establish bursal infection; however, by this time the level of bursal infection was 5-to 10-fold greater than that observed for the undiluted WF201 stock. Thus, the onset and the extent of early bursal infection directly correlated with lymphomogenic potential. DISCUSSION The LTR and the subgroup-determining regions of env were found to have a substantial influence on the lymphomogenic potential of ALVs (Table 2 ). Both these regions influenced the onset and extent of early infection of the bursa, with the induction of lymphoma correlating with bursal infection within the first 2 to 3 weeks posthatch (Table  3 ). Specific combinations of 5' viral and 5' env sequences were associated with osteopetrosis. The role of these sequences in osteopetrosis induction was highly context dependent, suggesting that osteopetrosis is caused by a nonprotein-coding function.
Correlation of lymphomogenic potential with early infection of the bursa. Two stages of differentiation have been observed for bursal lymphocytes. Lymphocytes termed bursal stem cells are present in the bursa during the first few weeks of life, whereas lymphocytes termed postbursal stem cells are present up to the time of bursal regression (4 to 5 months of life) (41) . Both bursal stem cells and postbursal stem cells are able to reconstitute B-cell responses in bursectomized chickens. However, the repopulation of lymphocyte-depleted bursas and the generation of diversity in rearranged immunoglobulin genes are characteristics of bursal stem cells as opposed to postbursal stem cells (16, 40) .
Reasonable incidences of lymphoma occurred only for viruses which reached the bursa within the first 2 weeks posthatch (Tables 2 and 3 ). Because bursal stem cells are present only during the first few weeks posthatch, the requirement for bursal infection within 2 to 3 weeks of hatch suggests that these cells may be the targets for ALV-induced lymphoma. Postbursal stem cells do not appear to be sensitive to lymphoma induction, since nonlymphomogenic ALVs replicate as well as highly lymphomogenic viruses in the bursas of chicks between 1 and 2 months old (25; D. W. Brown and H. L. Robinson, submitted for publication). The initiating event in most ALV-induced B-cell lymphomas is a proviral insertion converting c-myc to an oncogene (14, 20) . This event may block the differentiation of bursal stem cells in much the same way as myc-transducing viruses appear to block the differentiation of these cells (40) .
ALV sequences in lymphomogenic potential. The LTR region and subgroup-determining sequences in env were found to have a strong influence on lymphomogenic potential ( Fig. 1 and Table 2 ). Both of these appear to have influenced lymphomogenic potential by influencing the onset of bursal infection ( Table 3 ). The influence of the LTR region on bursal infection most likely reflects LTR sequences being the major determinant for the growth rate of ALVs (43) . Indeed, recent results obtained by Salter et al. (34) inducing a two-to fourfold-higher incidence of lymphoma than comparable viruses with subgroup E determinants. Recently we have observed that subgroup A and E envelope antigens confer distinctive tissue tropisms (Brown and Robinson, submitted). Infection of bursal lymphocytes is similar for subgroup A and E viruses between 1 and 2 months postinfection. However, these time points would not reveal differences in the relative susceptibilities of prebursal or bursal stem cells to subgroup A and E virus infections. The possibility that such differences exist is suggested by the data in Table 3 , which indicate that an undiluted stock of WF201 (a subgroup E virus with excellent growth potential) was less effective at reaching bursal tissue than a 1:100 dilution of the subgroup A RAV-1.
Subgroup A ALVs have been thought to adsorb to cells more efficiently than subgroup E ALVs, since the infectivity of subgroup E but not subgroup A ALVs is enhanced by pretreatment of cells with polycations (12, 42) . Conceivably, the env effect on lymphomogenic potential could reflect differences in the efficiency of nonspecific adsorption of subgroup A and E viruses to host cells. To address this possibility, subgroup A and E virus-infected chicken embryo fibroblasts were compared for levels of virus in the culture medium as opposed to levels of virus which were adsorbed to cells. Adsorbed virus was defined as virus which could be released from cells by trypsin treatment. No differences were observed in the ratio of cell-free to cell-associated virus for subgroup A and E virus-infected chicken embryo fibroblasts (data not shown). Thus, differences in the lymphomogenic potential of subgroup A and E viruses are not readily explained by differences in the abilities of these viruses to bind nonspecifically to the cell surface.
Earlier studies in K28 chickens with naturally occurring subgroup E recombinants (RAV-60s) and RAV-1 did not reveal a difference in the incidence of subgroup E and A virus-induced lymphoma (30) . These studies did, however, reveal a slower onset of subgroup E than subgroup A virus-induced lymphoma (187-as opposed to a 157-day median latency to death). K28 is a non-inbred line, and the pedigree of an individual could influence susceptibility to lymphoma. The current study represents by far the most extensive data set obtained with K28 chickens. In this study, all six subgroup E recombinants with exogenous LTRs (three pairs of independently derived duplicates) consistently demonstrated lower lymphomogenic potentials than the eight subgroup A recombinants with exogenous LTRs. This occurred in spite of considerable variation among the recombinants in terms of their growth potentials in the host (Table 1) . This extensive set of data strongly suggests that subgroup E envelope antigens confer a lower lymphomogenic potential than subgroup A envelope antigens in K28.
Context-dependent influences of 5' LTR and env sequences on osteopetrotic potential. Cells from osteopetrotic bone are associated with the persistent reverse transcription of viral RNA to DNA (28) , suggesting that this disease may be due to the failure of osteopetrosis-inducing viruses to establish superinfection resistance in osteoblasts (32) . Establishment of superinfection resistance is an env-mediated phenomenon. However, a number of studies have indicated that subgroup-determining sequences in env do not determine osteopetrotic potential (28, 39) . Interestingly, the results shown in Table 2 Neutralizing antibody and incidence of ALV-induced disease. Although we had previously noted that ALV-induced lymphoma occurred both in the presence and absence of neutralizing antibody (31) , until completion of this series of oncogenicity tests (summarized in Table 2 ), we had not fully appreciated the relative ineffectiveness of postinfectiongenerated neutralizing serum in the prevention of ALVinduced tumors. Passive antibody conferred by neutralizingantibody-positive dams is known to protect chicks from diseases by field infections (9) . However, under the experimental conditions of challenge of day-old chicks by intravenous inoculation, the lag time required for the generation of neutralizing antibodies is apparently not sufficiently brief to prevent the spread of virus to the relevant target cells. Nor does the immune response that is generated appear sufficient to effectively clear the ALV-infected cells which give rise to lymphoma. ALVs undergo permissive replication in bursal lymphocytes and express high levels of viral structural proteins in these cells. Whether these cells are not cleared because of a more rapid development of tolerance in the Tthan B-cell compartment (8, 36) or some other phenomenon is not clear. The relative ineffectiveness of postinfectiongenerated neutralizing antibody on lymphomogenic potential contrasts with the protection conferred by such antibody against osteopetrosis (28) . The ability of ALV-induced neutralizing antibody to prevent the induction of osteopetrosis may reflect the association of this disease with multiple rounds of infection of osteoblasts, a condition which would be prevented by neutralizing antibody.
